Purpose Pulmonary antibiotic delivery is recommended as maintenance therapy for cystic fibrosis (CF) patients who experience chronic infections. However, abnormally thick and sticky mucus present in the respiratory tract of CF patients impairs mucus penetration and limits the efficacy of inhaled antibiotics. To overcome the obstacles of pulmonary antibiotic delivery, we have developed nanocomposite microparticles (nCmP) for the inhalation application of antibiotics in the form of dry powder aerosols. Methods Azithromycin-loaded and rapamycin-loaded polymeric nanoparticles (NP) were prepared via nanoprecipitation and nCmP were prepared by spray drying and the physicochemical characteristics were evaluated. Results The nanoparticles were 200 nm in diameter both before loading into and after redispersion from nCmP. The NP exhibited smooth, spherical morphology and the nCmP were corrugated spheres about 1 μm in diameter. Both drugs were successfully encapsulated into the NP and were released in a sustained manner. The NP were successfully loaded into nCmP with favorable encapsulation efficacy. All materials were stable at manufacturing and storage conditions and nCmP were in an amorphous state after spray drying. nCmP demonstrated desirable aerosol dispersion characteristics, allowing them to deposit into the deep lung regions for effective drug delivery.
INTRODUCTION
Cystic fibrosis (CF) is a progressive, incurable, autosomal recessive disease that affects around 70,000 people worldwide (1, 2) . It is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which leads to defective or insufficient amounts of functional CFTR proteins. The dysfunctional proteins result in an absence or decrease of chloride in secretions, leading to increased sodium and water absorption and airway surface liquid depletion (3) . CF affects various organ systems of patients including the sweat glands, reproductive tract, intestine, liver, pancreas, and respiratory tract (4) , in which lung disease is the primary cause of mortality (4, 5) . The dysfunction of the respiratory tract results in frequent pulmonary infections, inflammation, bronchiectasis, and eventually respiratory failure, which causes over 90% of deaths in CF patients (6) . Pulmonary infection is one of the primary complications among patients with CF and these patients tend to develop chronic infections within a year if no treatment is implemented, which will accelerate the decline in lung function, resulting in earlier mortality (7, 8) .
Pseudomonas aeruginosa (P. aeruginosa) is regarded as the most prevalent pathogen in CF patients' lungs (7, 9) . Azithromycin (AZI) is a macrolide antibiotic with a broad gram-negative antibacterial spectrum and is highly effective against planktonic, actively growing bacteria (10) . AZI has been extensively studied for the treatment of CF-related infections due to its ability to decrease P. aeruginosa accumulation (10) (11) (12) (13) (14) (15) as well as its pharmacokinetic advantages including high bioavailability, distribution, and extended half-life (13, 14) .
Burkholderia cenocepacia (B. cepacia) infection is also considered to be a lethal threat to CF patients because it causes severe and persistent lung inflammation and it is resistant to nearly all available antibiotics (16) . Rapamycin (RAP), also known as sirolimus, is an immunosuppressive macrolide that is the most commonly used chemical to induce autophagy (17) . It has been shown that RAP can markedly decrease B. cepacia infection in vitro by enhancing the clearance of this bacterium via induced autophagy. RAP has been shown to reduce bacterial burden and decrease inflammation in the lungs of CF infected mice (16) .
Acetalated dextran (Ac-Dex) is an acid sensitive, biodegradable, biocompatible polymer that can be prepared in a one-step reaction by reversibly modifying dextran with acetal groups (18) . This modification reverses the solubility properties of dextran from hydrophilic to hydrophobic, making it possible to form polymeric particles using standard emulsion or nanoprecipitation techniques. Drug loaded Ac-Dex nanoparticles exhibit sustained release profile, with the advantages of extended duration of action, decreased drug use, improved management of therapy, enhanced compliance and reduced side effects (19, 20) . In comparison to other commonly used polymers in drug delivery such as poly(lactic-co-glycolic acid) (PLGA) and polyesters, Ac-Dex offers several advantages. Most notably, the degradation rate of Ac-Dex can be tuned from minutes to months by modifying the ratio of cyclic and acyclic acetal groups, which have different rates of hydrolysis. Also, Ac-Dex degrades into dextran, a biocompatible, biodegradable, FDA-approved by-product, and very low levels of methanol and acetone (20) (21) (22) .
Mannitol, an FDA approved, non-toxic, readily degradable sugar alcohol commonly used in pharmaceutical products, was applied as the excipient of nCmP due to its beneficial properties (23) . First, mannitol can be rapidly dissolved into an aqueous environment, leading to a burst release of encapsulated nanoparticles. In addition, mannitol can improve the fluidity of mucus, thus enhancing the mucus penetration rate of nanoparticles (24) . Mannitol has been extensively studied as a carrier in spray-dried powder aerosols for pulmonary drug administration and the resulting particles have been shown to exhibit desirable water content, size, and surface morphology for successful aerosol delivery (25, 26) .
Pulmonary antibiotic delivery is increasingly recommended as maintenance therapy to prolong the interval between pulmonary exacerbations and to slow the progression of lung disease of CF patients due to the capability of these systems to achieve high drug concentrations at the site of infection and to minimize the risk of systemic toxicity and drug resistance (27) (28) (29) (30) . Extensive studies have been devoted to the development of new inhalation devices and advanced drug delivery formulations for the treatment of CF-related infections (31) (32) (33) (34) . Despite these advances, there has only been incremental improvement in the treatment of pulmonary infections. This is partly due to the presence of mucus in the lung airways that can trap and remove foreign particles. Also, the abnormally thick and viscous mucus in the respiratory tract of CF patients impairs efficient mucus penetration and limits the efficacy of antibiotics delivered via inhalation. Polyethylene glycol (PEG)-coated nanoparticles have been shown to significantly improve the mucus penetration of various therapeutics encapsulated in NP due to the formulation size, PEG coating, and protection of active pharmaceutical ingredients (35) . Unfortunately, aerosolized nanoparticles will be exhaled owing to their small size and mass and while aerosolized particles with aerodynamic diameters of 1-5 μm can deposit into the deep lung region, which limits their efficacy for targeting the infection site in mucus as aerosol drug delivery vehicles (36, 37) .
To overcome the aforementioned obstacles of pulmonary antibiotic delivery, we developed nanocomposite microparticles (nCmP) in the form of dry powder aerosols (Fig. 1) . This system is comprised of drug-loaded nanoparticles (NP) entrapped in microparticle carriers with the excipient mannitol to allow for the delivery of mucus-penetrating NP to the lungs. The drug-loaded nanoparticles contain azithromycin or rapamycin as model drugs and are coated by a vitamin E poly(ethylene glycol) (MW 5000) layer, which has shown to improve the stability and mucus penetration rate of nanoparticles (35) . Upon pulmonary administration, the nCmP will deposit on the mucus in the respiratory tract, dissociate into free NP and mannitol, and allow the nanoparticles to penetrate the mucus and then release drug to the targeted site at sustained rate. This nCmP system exhibits features favorable for dry powder-based antibiotic delivery including targeted delivery, rapid mucus penetration, and controlled drug release. The goal of the described research was the initial development and physicochemical characterization of the nCmP systems via particle engineering.
MATERIALS AND METHODS

Materials
Dextran from Leuconostoc mesenteroides (9000-11000 MW), pyridinium p-toluenesulfonate (PPTS, 98%), poly(ethylene glycol) methyl ether (mPEG, Mn 5000), D-α-tocopherol succinate (vitamin E succinate, 1210 IU/g), N,N′-dicyclohexylcarbodiimde (DCC, 99%), 4-(dimethylamino) pyridine (DMAP, ≥ 99%), potassium phosphate dibasic, potassium p h o s p h a t e m o n o b a s i c , D -m a n n i t o l ( ≥ 9 8 % ) , 2 
Synthesis of Acetalated Dextran (Ac-Dex)
Ac-Dex was synthesized as described previously (22) with minor modifications. Briefly, 1 g of lyophilized dextran and 25 mg of PPTS were dissolved in 10 mL anhydrous DMSO. The resulting solution was reacted with 5 mL of 2-MOP under nitrogen gas for 5 min and was quenched with 1 mL of TEA. The reaction mixture was then precipitated in basic water (water and TEA, pH 9), vacuum filtered, and lyophilized (−50°C, 0.023 mbar) for 24 h to yield a solid product.
Synthesis of Vitamin E Poly(Ethylene Glycol) (VP5k)
VP5k was prepared with some modifications to a previously described method (38) . 0.65 g of vitamin E succinate and 7.334 g of mPEG were dissolved in 20 mL of DCM. 0.278 g of DCC and 15 mg of DMAP were added to the solution. The reaction mixture was stirred at room temperature overnight, vacuum filtered (0.45 μm), and concentrated under reduced pressure via a rotor evaporator (IKA-RV, Wilmington, NC) to obtain a crude product. The resulting crude product was dissolved at 5% (w/v) in DI water and centrifuged at 12, 000 rpm for 30 min. The filtrate was vacuum filtered (0.22 μm) and lyophilized (−50°C, 0.023 mbar) for 72 h to yield the final product.
NMR Analysis of Ac-DEX and VP5k
The cyclic-to-acyclic (CAC) ratio of acetal coverage and degrees of total acetal coverage per 100 glucose molecules was confirmed by 1 H NMR spectroscopy (Bruker 300 MHz NMR, MA). 10 mg of Ac-Dex was added to 700 μL of D 2 O and was hydrolyzed with 30 μL of DCl prior to analysis. The hydrolysis of one cyclic acetal group produces one acetone whereas one acyclic acetal produces one acetone and one methanol. Consequently, from the normalized integrations of peaks related to acetone, methanol, and the carbon ring of dextran, the CAC ratio of acetal coverage and degrees of total acetal coverage per 100 glucoses were determined.
Conjugation of mPEG to Vitamin E succinate was also confirmed by NMR spectroscopy. 20 mg of VP5k was dissolved in 600 μL of CDCl 3 . The resulting solution was analyzed by 2D 1H-13C HMBC-GP NMR spectroscopy. Shift of the signal at 2.8 ppm and 178.8 ppm related to the -COOH group of vitamin E succinate and 2.7 ppm and 172.2 ppm related to the ester group indicated conjugation of mPEG to vitamin E succinate for the successful formation of VP5k.
Preparation of Drug-Loaded Nanoparticles
Azithromycin (AZI)-loaded nanoparticles and rapamycin ( R A P ) -l o a d e d n a n o p a r t i c l e s w e r e p r e p a r e d vi a nanoprecipitation. 40 mg of Ac-Dex and 12 mg of AZI or 4 mg of RAP were dissolved in 1 mL of ethanol and injected into 40 mL of 1.5% (w/v) VP5k solution. The resulting suspension was stirred for 3 h for removal of ethanol and hardening of the particles and the final solution was centrifuged at 12,000 rpm for 20 min to collect the NP. The NP were washed once with basic water and lyophilized for 24 h to give the final AZI-NP and RAP-NP systems.
Preparation of Nanocomposite Microparticles (nCmP)
nCmP were prepared via the spray drying of a AZI NP or RAP NP suspensions and mannitol in an aqueous solution using a Büchi B-290 spray dryer (Büchi Labortechnik, AG, Switzerland) in open mode. The spray drying conditions were as follows: 1:1 (w:w) ratio of NP to mannitol in DI water; feed solution concentration of 1% (w/v); 0.7 mm nozzle diameter; atomization gas flow rate of 414 L/h (UHP dry nitrogen); aspiration rate of 28 m 3 /h, inlet temperature of 50°C; pump rate of 0.6 mL/min; and nozzle cleaner rate of 4. The resulting nCmP were separated in a high-performance cyclone, collected in a sample collector, and stored in amber glass vials in desiccators at −20°C.
Powder X-Ray Diffraction (PXRD)
Crystalline states of the nCmP were examined by PXRD using a Rigaku Multiflex X-ray diffractometer (The Woodlands, TX) with a Cu Kα radiation source (40 kV, 44 mA). The samples were placed on a horizontal quartz glass sample holder (3 mm). The scan range was 5-65°in 2Θ with a step width of 0.02 and scan rate of 2°/min.
Differential Scanning Calorimetry (DSC)
The thermal phase transitions of the nCmP were determined by DSC using a TA Q10 DSC system (TA Instruments, New Castle, DE, USA) equipped with an automated computer-controlled RSC-90 cooling accessory. 1-3 mg of sample was weighed into Tzero™ alodined aluminum pans that were hermetically sealed. The sealed pans were placed into the DSC furnace along with an empty sealed reference pan. The heating range was 0-250°C at a heating rate of 10°C/min.
Scanning Electron Microscopy (SEM)
The shape and surface morphology of the NP and nCmP were evaluated by SEM using Zeiss SIGMA VP Field Emission-Scanning Electron Microscope (FE-SEM) (Germany). nCmP samples were placed on aluminum SEM stubs (TedPella, Inc., Redding, CA, USA) with double-sided adhesive carbon tabs. Nanoparticles were dispersed in basic water (pH = 9, 10 mg/mL) and this suspension was dropped onto aluminum SEM stubs and then dried at room temperature. Both the NP and nCmP samples were coated with a thin film of a gold/palladium alloy using an Emscope SC400 sputter coating system at 20 μA for 75 s under argon gas. Images were captured at 5 kV.
Particle Size, Size Distribution and Zeta Potential Analysis
The size, size distribution, and zeta potential of the NP systems were measured by dynamic light scattering (DLS) using a Malvern Nano Zetasizer (Malvern Instruments, Worcestershire, UK). The NP were dispersed in basic water (pH = 9, 0.3 mg/ mL). All experiments were performed in triplicate with a scattering angle of 173°at 25°C. The mean size and standard deviation of the nCmP were measured digitally from SEM images using ImageJ software (Systat, San Jose, CA, USA). Representative micrographs (5 k magnification) for each sample were analyzed by measuring the diameter of at least 100 particles.
Karl Fischer (KF) Titration
The water content of the nCmP was quantified by Karl Fischer (KF) titration using a 737 KF coulometer (Metrohm, Riverview, FL). Approximately 10 mg of powder was dissolved in anhydrous methanol. The resulting solution was injected into the KF reaction cell filled with Hydranal® KF reagent and then the amount of water was analyzed. Pure solvent was also injected for use as a background sample.
Aerosol Dispersion Analysis
In vitro aerosol dispersion performance of the nCmP was evaluated using a Next Generation Impactor™ (NGI™, MSP Corporation, Shoreview, MN) equipped with a stainless steel induction port (USP throat adaptor) attachment and stainless steel NGI™ gravimetric insert cups. The NGI™ was coupled with a Copley TPK 2000 critical flow controller, which was connected to a Copley HCP5 vacuum pump (Copley Scientific, United Kingdom). The airflow rate (Q) was measured and adjusted to 60 L/min in order to model the flow rate in a healthy adult lung before each experiment. Glass fiber filters (55 mm, Type A/E, Pall Life Sciences, PA) were placed in the gravimetric insert cups for stages 1 through 7 to minimize bounce or re-entrapment (39) and these filters were weighed before and after the experiment to determine the particle mass deposited on each stage. Approximately 10 mg of powder was loaded into a hydroxypropyl methylcellulose (HPMC, size 3, Quali-V®, Qualicaps® Inc., Whitsett, NC, USA) capsule and the capsule was placed into a human dry powder inhaler device (HandiHaler, Boehringer Ingelheim Pharmaceuticals, CT) attached to a customized rubber mouthpiece connected to the NGI™. Three HPMC capsules were loaded and released in each measurement and experiments were performed in triplicate. The NGI™ was run with a delay time of 10 s and running time of 10 s. For Q = 60 L/min, the effective cutoff diameters for each stage of the impactor were given from the manufac- The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) for the particles were determined using a Mathematica® program written by Dr. Warren Finlay (39, 40) .
Analysis of Nanoparticle Drug Loading and Nanoparticle Loading in nCmP
Drug loading and encapsulation efficacy of AZI and RAP NP and nCmP were determined using high performance liquid chromatograph (HPLC) (Hitachi Elite LaChrom, Japan). Detection of AZI was performed using the following conditions: C 18 , 5 μm × 150 mm × 4.6 mm column (XTerra™, Waters); 1.5 mL/min pump rate; 6 min retention time; mobile phase of 70% methanol and 30% PBS (0.03 M, pH = 7.4); absorbance of 215 nm; and ambient temperature. Detection of RAP was performed using following conditions: C 18 , 5 μm × 150 mm × 4.6 mm column (Supelco, Sigma-Aldrich, St. Louis, MO); 1 mL/min pump rate; 6 min retention time; mobile phase of 65% acetonitrile and 35% DI water; absorbance of 278 nm; and temperature of 50°C. Drug-loaded NP and nCmP were fully dissolved in their respective mobile phases. The experimental drug concentration in each sample was quantified by comparison with a standard curve of drug in its mobile phase. The drug loading of NP, drug loading of nCmP, NP loading in nCmP, drug encapsulation efficiency of NP, and NP encapsulation efficacy in nCmP were determined by the following equations:
Drug loading ¼ mass of drug loaded in nanoparticles mass of particles Â 100 % Drug encapsulation efficacy EE ð Þ ¼ mass of drug loaded in nanoparticles initial mass of drug in particle formulation Â 100%
Nanoparticles loading ¼ mass of NPs loaded in nCmPs mass of nCmPs Â 100 % N P loading efficacy ¼ mass of NPs loaded in nCmPs initial mass of NPs in nCmPs formulation Â 100 %
In Vitro Drug Release from Nanoparticles
The in vitro release profiles of AZI or RAP from nanoparticles was determined via a release study of NP suspended (1 mg/mL) in modified phosphate buffer (0.1 M, pH = 7.4) with 0.2% (w/ v) of Tween® 80. The suspension was incubated at 37°C and 100 rpm. At various time points (0 to 48 h), NP samples were centrifuged at 14,000 rpm for 5 min at 4°C to isolate the NP.
200 μL of supernatant was withdrawn and replaced by the same amount of fresh modified PBS in each sample. The withdrawn solutions were analyzed for drug content via HPLC using the same methods described in the previous section.
Statistical Analysis
All measurements were performed in at least triplicate. Values are given in the form of means ± SD. The statistical significance of the results was determined using t-Test. A p-value of <0.05 was considered statistically significant.
RESULTS AND DISCUSSION NMR Analysis of Ac-Dex and VP5k
Successful synthesis of Ac-Dex and VP5k was confirmed by NMR ( Figure S1 in Supplemental Information). Ac-Dex exhibited 68.7% cyclic acetal coverage (CAC) and 79.1% total acetal coverage (conversion of -OH groups). A yield of approximately 95% was obtained for this Ac-Dex. An increase in CAC is known to slow drug release due to slower degradation (21, 22) . A high total acetal coverage (higher than 75% according to our research) is required to stabilize the VP5k coating of nanoparticles, which ensures small particles size and narrow size distribution. The signals for ester groups were detected via NMR, indicating successful conjugation of mPEG to vitamin E succinate for the successful formation of VP5k (41) . The yield of VP5k was approximately 30%.
Characterization of Nanoparticles
The azithromycin-loaded nanoparticles (AZI-NP), shown in Fig. 2(a) , appear as uniform spheres with smooth surface morphology. NP size, size distribution, and zeta potential are shown in Table I . The resulting sizes of the NP analyzed via DLS (approximately 200 nm) were larger than those observed from SEM micrographs and ImageJ analysis (approximately 100 nm) due to shrinking of the particles during freeze-drying from the collapse of hydrated PEGylated chains (42) . Both drug-loaded NP systems exhibited desirable size (less than 200 nm) with narrow size distribution to allow for potential mucus penetration. The relative surface charge of the NP systems were nearly neutral, confirming PEG coverage on their surfaces (41) . Similar results were obtained for drugloaded and blank nanoparticles with respect to their size, size distribution, and surface charge, indicating that drug encapsulation did not affect the formation of the NP. Both AZI and RAP were successfully encapsulated into the described NP systems. 13.0% of initial AZI and 25.8% of initial RAP were effectively entrapped within the NP prepared using nanoprecipitation of Ac-Dex and drugs in VP5k solution. The low encapsulation of the drugs may be due to the improved solubility of the drugs in the spinning solution by VP5K micelles. RAP-NP exhibited a higher encapsulation efficacy as a result of the lower solubility of RAP than AZI in the aqueous spinning solution.
Results of the in vitro release of AZI-NP and RAP-NP at physiological pH and temperature are reported in Fig. 3 as the percentage of drug released over time. Both NP systems displayed sustained release for approximately 12 h, which matched the degradation profile of other Ac-Dex particle systems (39) . Based on previous research, Ac-Dex made of 10 kDa dextran and reacted for 5 min showed a maximum of degradation at 6 h and negligible degradation after that (43) . A possible explanation of the release profiles could be that the first release stage corresponds to Ac-Dex degradation as well as nanoparticle dissociation, whereas after 6 h the rate of drug release is controlled by drugs passively diffuse out of the dissociated matrix of nanoparticles following the partial degradation of Ac-Dex. 
Manufacturing of nCmP
With respect to nCmP manufacturing, the outlet temperatures of AZI-and RAP-nCmP were 30-31°C and 30-33°C, respectively, while the yields were 62.4 and 60.6%, respectively.
nCmP Morphology, Sizing, and Size Distribution
As seen in the SEM images, the AZI-nCmP were mostly spherical with a corrugated surface (Fig. 2(b) ) and encapsulated nanoparticles were visible on the surface of the nCmP as seen in Fig. 2(c) . Both RAP-NP and RAP-nCmP exhibited the same morphology as the AZI loaded systems (data not shown).
The number average geometric diameters were 1.03 ± 0.46 and 1.12 ± 0.43 μm for AZI-nCmP and RAP-nCmP, respectively, as determined by ImageJ analysis. Both nCmP systems exhibited similar morphology, geometric size, and size distribution due to the similarities in spray drying conditions.
Karl Fisher (KF) Titration
The residual water contents of AZI-nCmP and RAP-nCmP were approximately 6% (Table II) . This is within the range of other nCmP in our group (results not published) and that of previously reported inhalable dry powder formulations prepared by other groups (25, (44) (45) (46) (47) . Water in inhalable powders can significantly reduce their dispersion properties during aerosolization due to the interparticulate capillary forces acting at the solid-solid interface between particles (48) and also have a negative effect on the stability of the powders (46) . Correspondingly, low water content in the powder is highly favorable for efficient dry powder aerosolization and effective particle delivery (48, 49) Table III .
Differential Scanning Calorimetry (DSC) Figure 4 shows DSC thermograms of the raw materials used in particle preparation and the final drug-loaded nCmP. Raw AcDex, AZI, RAP, and mannitol displayed endothermic main phase transition peaks (T m ) near 170, 140, 180, and 170°C respectively, which are in accordance with previously reported values (50) (51) (52) . The drug-loaded nCmP systems exhibited similar thermal behaviors with a main phase transition peak near 165°C corresponding to the melting of Ac-Dex and mannitol. This melting point was lower than those of raw Ac-Dex and mannitol, indicating an increase in the amorphous state of these raw materials in nCmP. No glass transition or other phase transitions were present under 120°C, which indicated that all the materials will be stable during manufacturing and storage.
Powder X-ray Diffraction (PXRD)
X-ray diffraction diffractograms of the raw materials and drug-loaded nCmP are shown in Fig. 5 . Strong peaks were present for raw AZI, RAP, and mannitol powders. These strong peaks indicate that the raw materials are in their crystalline forms prior to spray drying, which is in accordance with previous research (50) (51) (52) . No strong peaks were present for raw Ac-Dex, indicating that it is non-crystalline. This is quite different from commercialized polymers such as PLGA, which exhibits strong XRD characterization peaks (50) (51) (52) (53) . The absence of diffraction peaks in Ac-Dex is likely because the AcDex is collected by rapid precipitation in water. XRD patterns of AZI-nCmP and RAP-nCmP showed the absence of any diffraction peaks, suggesting amorphization of raw AZI and RAP in the particle matrix. Also, the peaks characterizing mannitol were significantly reduced, indicating that mannitol is primarily in an amorphous state in the nCmP. The results obtained from the XRD diffractograms confirmed those from DSC thermograms, where raw AZI, RAP, and mannitol were converted into amorphous form in the nCmP manufacturing process. Drug and Nanoparticles Loading in nCmP HPLC was used to determine the amount of drug loading in nCmP, which can be used to calculate the resulting nanoparticles loading and nanoparticle encapsulation efficacy in nCmP. These results are shown in Table II . Both AZI-and RAP-nCmP exhibited desirable drug loading, high nanoparticle loading, and nanoparticle encapsulation efficacy. In addition, standard deviations of these three values were very low, which indicated reproducible drug loading of the nCmP can be achieved.
Nanoparticle Redispersion from nCmP
The properties of NP redispersed from nCmP were evaluated using DLS (Table S1 in Supplementary Material). The size and size distribution of the NP increased after redispersion, which is likely a result of agglomeration that occurred during spray drying. The NP surface charges remained neutral due to the presence of PEG on the surface of the NP. These parameters were all within the desirable ranges for effective mucus penetration.
In Vitro Aerosol Performance of nCmP
In vitro aerosol dispersion performance properties ( Fig. 6 and Table II ) of the nCmP were evaluated using a Next Generation Impactor™ coupled with a human DPI device.
The results indicated that the formulated nCmP are favorable for efficient dry powder aerosolization and effective targeted delivery. The MMAD values of AZI-nCmP and RAP-nCmP were 3.93 ± 0.09 and 3.86 ± 0.07 μm, while the GSD values were 1.73 ± 0.06 and 1.78 ± 0.06 μm, respectively. The MMAD values were within the range of 1-5 μm, which is required for predominant deposition of nCmP into the deep lung region where infection persists (45) . The GSD values were within those previously reported and the RF, FPF, and ED values were all higher (39, 45, 54) . Assuming that nCmP drug loading is homogenous, fine particle doses in terms of drug mass of AZI-nCmP and RAP-nCmP are 110.42 ± 0.22 μg and 100.97 ± 9.19 μg. There is no research on the therapeutic level of rapamycin for the treatment of CF-related infection. Oral delivery of azithromycin requires 500 mg/ week to 1500 mg/ week, but the bioavailability is limited (13) . The nCmP system is expected to achieve therapeutic effect using a low drug amount by improving the delivery efficacy. 8.1 and 9.4% of AZI-nCmP and RAP-nCmP deposited on stages 5-7, respectively, and are predicted to deposit in the deep lung alveolar region due to diffusion mechanisms (55) of deposition, while approximate 84% of both the nCmP deposited on stages 2-4, and are predicted to deposit predominantly in the deep lung regions by sedimentation due to gravitational settling (56) (57) (58) . Overall, the nCmP exhibited desirable aerosol dispersion characteristics allowing them to deposit in deep lung regions for drug delivery. 
Summary
Both nCmP systems exhibited similar morphology, geometric size, size distribution, water content, drug loading, nanoparticles loading, and nanoparticle encapsulation efficacy as well as outlet temperature and yield due to the fact that they were prepared with nanoparticles with the same spray drying conditions.
CONCLUSIONS
Both azithromycin and rapamycin were successfully encapsulated in Ac-Dex nanoparticles and can be released in a sustained rate. The drug-loaded nanoparticles were smooth spheres 200 nm in diameter with narrow size distribution and slightly negative surface charge, which is desirable for mucus penetration. Most nanoparticles maintained these properties during the nCmP manufacturing process as shown in redispersion testing. The nCmP systems were corrugated spheres of 1 μm with observable nanoparticles present on their surfaces. The water content of the nCmP systems was relatively low, which can enable efficient dry powder aerosolization and particle delivery. None of the raw materials underwent degradation during nCmP manufacturing, indicating the stability of the therapeutics during formation. No crystalline structures of AZI and RAP were observed in the nCmP, which confirmed that both drugs in the nCmP were in their amorphous form. In vitro aerosol performance testing demonstrated desirable aerosol dispersion characteristics of nCmP, allowing them to deposit in deep lung regions for drug delivery. This nCmP system sheds a light on dry powder-based antibiotic delivery due to its novel features including targeted pulmonary delivery, rapid mucus penetration potential, and controlled drug release. It can be applied as a promising alternative of the traditional antibiotic treatment by providing effective delivery of therapeutics, more convenient administration, more flexible storage conditions, and lower risk of contamination in the device.
